Activation of the N-myc2 Oncogene by Woodchuck Hepatitis Virus Integration in the Linked Downstreamb3nLocus in Woodchuck Hepatocellular Carcinoma  by Bruni, Roberto et al.
(
c
f
c
i
r
t
t
c
s
f
o
m
1
1
N
f
c
E
Virology 257, 483–490 (1999)
Article ID viro.1999.9678, available online at http://www.idealibrary.com onActivation of the N-myc2 Oncogene by Woodchuck Hepatitis Virus Integration in the
Linked Downstream b3n Locus in Woodchuck Hepatocellular Carcinoma
Roberto Bruni, Emilio D’Ugo, Roberto Giuseppetti, Claudio Argentini, and Maria Rapicetta1
Laboratory of Virology, Istituto Superiore di Sanita`, Rome 00161, Italy
Received December 21, 1998; returned to author for revision January 14, 1999; accepted February 24, 1999
In the woodchuck hepatitis virus (WHV)/woodchuck model for hepatitis B virus-induced hepatocellular carcinoma, frequent
activation of N-myc oncogenes by WHV integration has been firmly established. N-myc2, the most frequently affected gene,
was reported to be activated by WHV insertion either in the proximity of the gene or in a distant uncoding locus, win. We
previously reported that a WHV integration cloned from a liver tumor was located in a chromosomal locus already described
by others as the site of WHV integration in another hepatocellular carcinoma. On this basis, the locus, named b3n, was
defined as a recurrent site of WHV integration. A scaffold or matrix attachment region (S/MAR) element was subsequently
shown to be located in this locus ;1 kb from the WHV insertion sites. S/MARs are genetic elements involved both in
structural and functional organization of chromosomal DNA and in stimulation of gene expression. In the present work, we
investigated the possibility that an N-myc gene might be affected by integration in b3n. Analysis of a liver tumor harboring
WHV integration in this locus showed N-myc2 overexpression. By restriction analysis, the b3n locus was shown to be located
downstream of N-myc2, so the known sites of viral insertion in b3n were ;11 kb downstream of the N-myc2 promoter.
Although these data support that WHV insertion in b3n activates N-myc2, the mechanisms previously described to be
involved in N-myc2 activation do not appear to properly account for activation in this subset of WHV integrations. Available
data suggest that activation of N-myc2 by WHV integration in b3n might be mediated by the S/MAR located near the WHV
insertion. © 1999 Academic Pressl
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(INTRODUCTION
In patients chronically infected with hepatitis B virus
HBV), a 100-fold higher incidence of hepatocellular car-
inoma (HCC) was shown in comparison with the unin-
ected population (Beasley et al., 1981).
Another member of the hepadnavirus family, the wood-
huck hepatitis virus (WHV), is also highly oncogenic in
ts natural host, the woodchuck (Marmota monax). A high
ate of HCC incidence was demonstrated after a rela-
ively short time from the establishment of chronic infec-
ion (2–4 years) (Popper et al., 1987). The WHV/wood-
huck system thus constitutes an animal model for the
tudy of HBV-induced HCC.
In this model, a role of oncogene activator has been
irmly established for WHV integration. So far, all the
ncogenes found to be activated by WHV integration are
embers of the myc oncogene family (Fourel et al., 1990,
994; Hansen et al., 1993; Hsu et al., 1988; Wei et al.,
992). N-myc2, an intronless retrotransposed version of
-myc1, is by far the most frequently affected and was
ound to be activated by WHV insertion either in or in
lose proximity of the oncogene or in a distant uncoding
1 To whom reprint requests should be addressed at Viale Regina
lena, 299. Fax: (39-06) 49902662.483ocus, win, mapping .150 kb downstream of N-myc2
Fourel et al., 1994).
In addition, we defined as “recurrent” site of WHV
nsertion another woodchuck chromosomal locus,
amed b3n, because a WHV integration cloned from a
iver tumor was demonstrated to be located in a chro-
osomal locus already described by others as the site of
HV integration in another HCC (Bruni et al., 1995a;
amazoe et al., 1991). At present, the frequency of this
vent in woodchuck liver tumors is unknown.
At the first sequence analysis, the possible contribu-
ion of integration in b3n to the oncogenic phenotype
ppeared elusive because this locus contains several
lu-like repeats and a gag-like coding region with frame-
hift mutations (Yamazoe et al., 1991) but not any genes
ith obvious links with oncogenesis. Further analysis of
he 4.3-kb known b3n sequence and in vitro binding
xperiments led us to identify a 0.5-kb subregion as a
caffold or matrix attachment region (S/MAR) (D’Ugo et
l., 1998). The b3n S/MAR was shown to be located 0.8
nd 1.3 kb, respectively, from the two characterized sites
f WHV insertion. S/MARs are involved in structural and
unctional organization of chromosomal DNA as well as
n stimulation of gene expression by inducing chromatin
pening, often in a developmentally regulated fashion
reviewed in Laemmli et al., 1992).
In the present work, we investigated the possibility0042-6822/99 $30.00
Copyright © 1999 by Academic Press
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484 BRUNI ET AL.hat integration in b3n might affect one of the N-myc
enes frequently activated in woodchuck liver tumors.
he results showed N-myc2 oncogene activation in tu-
or harboring WHV insertion in b3n, and this locus was
ocated several kilobases downstream of N-myc2. Based
n present and previous findings, questions arise about
he mechanisms underlying N-myc2 activation in liver
umors harboring WHV integration in b3n. In these tu-
ors, the involved mechanism or mechanisms might be
ifferent from those described for integration in or in
lose proximity of the gene and for integration in win.
RESULTS
To investigate whether one of the N-myc genes fre-
uently activated in woodchuck liver tumors might be
ffected by insertion of WHV DNA in the b3n locus,
xpression and possible rearrangements of N-myc1 and
-myc2 genes and the relative location of b3n locus and
-myc genomic regions were investigated in the W594
CC. This tumor was previously shown to harbor a
ingle, clonal WHV integration in the b3n locus (Bruni et
l., 1995a). The correspondent normal liver was used as
ontrol.
594 tumor harboring WHV insertion in b3n
verexpresses N-myc2 transcripts
Expression of N-myc oncogenes in the W594 liver
umor was investigated by hybridization of Northern blot-
ed RNA from normal liver and HCC with the N-mycGR
robe (which detects both N-myc1 and N-myc2 se-
uences) and SpInt1 probe (which is specific for N-myc1;
or the location of these and other probes used here, see
aps in Fig. 3D). Because the N-myc2 gene is an intron-
ess retrotransposed version of N-myc1 that has retained
xtensive sequence homology with N-myc1 (Fourel et al.,
990), no N-myc2-specific probe could be designed.
Figure 1 shows the results of hybridization with the
-mycGR probe. A strong signal, lacking in normal liver
lane L), was obtained from HCC tissue (lane T) indicat-
FIG. 1. Hybridization of total RNA from liver and HCC tissues of
oodchuck W594 with the N-mycGR probe. Position of RNA molecular
eight marker fragments (RNA Molecular Weight Marker II; Boehringer
annheim), as detected by ethidium bromide staining of gel before
orthern blotting (left). Equal RNA loading in both lanes was assessed
y similar signal intensity of ribosomal RNAs after ethidium bromide
taining.ng N-myc overexpression. The estimated size of the
ranscripts was 2.3–2.5 kb, which is more similar to the
reviously reported size of the normal, unrearranged,
-myc2 transcripts than to the larger size of N-myc1
ranscripts (Fourel et al., 1990; Wei et al., 1992). No
etectable signals were obtained by hybridization of the
ame blot with the N-myc1-specific SpInt1 probe (data
ot shown). These data indicate that the overexpressed
ranscripts were produced from N-myc2 in this tumor.
594 HCC shows unrearranged N-myc1 and N-myc2
enes
To search for possible rearrangements in N-myc1 and
-myc2, the genomic structure of these genes in liver
nd HCC tissues of W594 was analyzed by Southern
lotting and hybridization. Genomic DNA was digested
ith enzymes previously reported to produce fragments
f known size from woodchuck N-myc oncogenes: BglII,
roducing a 9.2-kb fragment from N-myc1 and a 4.8-kb
ragment from N-myc2, and HindIII, producing a 7.4-kb
ragment from N-myc1 and a 3.5-kb fragment from N-
yc2 (Fourel et al., 1990; Hansen et al., 1993; see also
he restriction maps in Fig. 3D).
Figure 2A shows the results of hybridization with the
-mycGR probe. Identical liver and HCC patterns were
btained by both BglII (lanes 3 and 4) and HindIII diges-
ion (lanes 5 and 6), indicating no tumor-specific rear-
angements of both N-myc1 and N-myc2. The sizes of the
etected BglII and HindIII fragments were according to
revious reports. The N-myc1 origins of the 9.2-kb BglII
ragment (Fig. 2A, lanes 3 and 4) and of the 7.4-kb HindIII
ragment (Fig. 2A, lanes 5 and 6) were confirmed by
ybridization of the same blot with the SpInt1 probe (Fig.
C, lanes 3–6).
he b3n locus is linked to the N-myc2 oncogene
Based on computer analysis of the b3n sequence
GenBank accession no. M60765) and on preliminary
estriction data from Southern blotting (data not shown),
t was deduced that in woodchuck germline DNA, the
5-kb fragment from NcoI digestion detected by the b3n
robe (Fig. 2B, lane 1) includes a 11-kb region upstream
f b3n, the 17-kb fragment from BglII digestion (Fig. 2B,
ane 3) includes a 10-kb region downstream and a 2.5-kb
egion upstream of b3n, and, finally, the 8.6-kb fragment
rom HindIII digestion (Fig. 2B, lane 5) includes a 7-kb
egion upstream of b3n.
To search for presence of N-myc genes upstream or
ownstream the b3n region, the patterns obtained from
coI, BglII, and HindIII digested DNA from liver and
umor tissue by hybridization with the b3n probe and with
he N-mycGR probe were compared.
Hybridization with the b3n probe showed the presence
f additional fragments in tumor DNA (Fig. 2B, lanes 2, 4,
nd 6) in comparison with normal liver (Fig. 2B, lanes 1,
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485N-myc2 ACTIVATION BY WHV INTEGRATION IN DOWNSTREAM LOCUS, and 5). The presence of these additional fragments
as an expected consequence of integrated WHV DNA,
reviously shown to be located in b3n in this tumor (Bruni
t al., 1995a). In fact, additional NcoI, BglII, and HindIII
ites were present in the rearranged allele due to in-
erted viral DNA, as demonstrated by computer analysis
f the sequence of integrated WHV DNA (GenBank ac-
ession no. X90998), causing altered restriction patterns
n the tumor sample.
Hybridization of the same blot with the N-mycGR probe
howed that both the abnormal 12.5-kb and the wild-type
5-kb NcoI fragments detected by the b3n probe (Fig. 2B,
anes 1 and 2) also hybridized with the N-mycGR probe
Fig. 2A, lanes 1 and 2). This result demonstrates that an
-myc gene was linked to both the rearranged and the
ormal b3n alleles. As mentioned, the 15-kb NcoI frag-
ent detected by the b3n probe includes a 11-kb region
pstream of the b3n locus, thus locating the N-myc gene
pstream of b3n. No other cohybridizing fragments were
etected (compare Figs. 2A and 2B, lanes 1–6).
Because the N-mycGR probe recognizes both N-myc1
nd N-myc2, it remained to be established which N-myc
ene was linked to b3n.
Hybridization of NcoI-digested DNA with the N-myc1-
pecific SpInt1 probe was expected to be the more direct
pproach. In BglII and HindIII digestions, this probe
dentifies which one of the two fragments detected by the
-mycGR probe is produced from N-myc1 (compare
anes 3–6 of Fig. 2A with the same lanes of Fig. 2C).
ecause two fragments are detected also in NcoI-di-
ested liver DNA by the N-mycGR probe (Fig. 2A, lane 1:
FIG. 2. Hybridization of genomic DNA from liver and tumor tissues o
or DNA digestion (NcoI, BglII, and HindIII), as well as the tissue of or
ize of tumor-specific fragments produced because of the presence o5- and 2.2-kb fragments), it was expected that one
ragment would have hybridized with the N-myc1-spe-
ific probe.
This approach proved to be unsuccessful because
either the 15-kb nor the 2.2-kb NcoI fragment hybridized
ith SpInt1 (compare lanes 1 of Figs. 2A and 2C). This
esult suggested the presence of (at least) one NcoI site
nside N-myc1. The gene is thus cleaved in (at least) two
ragments, one of them hybridizing with the N-mycGR
robe (either the 15-kb fragment or the 2.2-kb fragment in
ig. 2A, lane 1) and the other one with the SpInt1 probe
the 5.6-kb fragment in Fig. 2C, lane 1).
Thus a different approach, based on restriction map
tudy, was applied. BglII and HindIII maps of N-myc1 and
-myc2 genes were previously established by others
Fourel et al., 1990; Hansen et al., 1993). Based on these
aps, single and double digestions of genomic DNA and
ybridization with the 59N-myc, N-mycGR, and SpInt1
robes were carried out to deduce the position of NcoI
ites in and around N-myc1 and 2 genes.
Results are shown in Figs. 3A–C, and a schematic
nterpretation of data are shown in Fig. 3D. Hybridization
ith the 59N-myc probe (Fig. 3A) and with the N-mycGR
robe (Fig. 3B) showed that the 7.4-kb HindIII fragment
rom N-myc1 (Figs. 3A and 3B, lanes 1) was cleaved by
coI into a 5.1-kb fragment (Fig. 3A, lane 2) and a 2.2-kb
ragment (Fig. 3B, lane 2). The 3.5-kb HindIII fragment
rom N-myc2 (Figs. 3A and 3B, lanes 1) remained un-
leaved by NcoI (Figs. 3A and 3B, lanes 2). The 2.2-kb
ragment from N-myc1 is also present in both NcoI- and
coI–BglII-digested samples (Fig. 3B, lanes 3 and 4),
with NmycGR (A), b3n (B), and SpIntI (C) probes. The enzymes used
liver; T, tumor) and the size of relevant fragments, are indicated. The
DNA insertion in the b3n locus is given in italics.f W594
igin (L,
f WHV-
486 BRUNI ET AL.
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487N-myc2 ACTIVATION BY WHV INTEGRATION IN DOWNSTREAM LOCUSndicating that the 15- and 12.5-kb NcoI fragments (Fig.
B, lane 3) were produced from N-myc2. Both these latter
ragments are cleaved by BglII, producing the smaller
.8-kb fragment (Fig. 3B, lane 4), whose size is identical
o the size of the fragment obtained from single BglII
igestion (Fig. 3B, lane 5) and consistent with the normal
ize of the BglII fragment expected from N-myc2.
The other data obtained from Fig. 3A, lanes 3–5, and
rom hybridization with the N-myc1-specific SpInt1 probe
Fig. 3C) are consistent with the maps shown in Fig. 3D.
An NcoI site is located upstream of the N-myc2 gene,
hereas the other one must be located far downstream
he gene (not reported in Fig. 3D). N-myc1 contains an
coI site in the intron between exons 2 and 3: NcoI
leavage separates the gene in a 5.6-kb fragment de-
ected by the 59N-myc and SpInt1 probes and a 2.2-kb
ragment detected by the N-mycGR probe. These data
emonstrate that no 15-kb fragment can originate from
-myc1 by NcoI cleavage.
On the whole, the data demonstrate that the b3n locus
s linked to N-myc2 and located downstream of the gene.
HV integration sites in b3n were located 8.5–9 kb from
he 39 end of the N-myc2 oncogene and ;11–11.5 kb
rom its promoter. The S/MAR element is ;10 kb down-
tream of the 39 end of N-myc2. These data are sche-
atically summarized in Fig. 4.
FIG. 3. (A–C) Hybridization of single- and double-digested DNA from
nzymes used for DNA digestion, the tissue of origin, and the size of r
nd N-myc2 oncogenes. The structure of the genes and the position o
thers (Fourel et al.,1990; Hansen et al., 1993; Wei et al., 1992). Transcri
egions of N-myc2 sharing nucleotide homology with regions of N-m
roduced by single or double digestion (left) are reported as thin lines u
ndicated. N-myc probes (59N-myc, M13.13, N-mycGR, SpInt1) are positio
ot used here; however, it is reported to show that N-mycGR probe hybr
esults obtained by N-mycGR are comparable with results obtained b
ncogenes although with different affinity because of sequence and s
trong homology are reported as a black bar, and regions with no hom
FIG. 4. Restriction map of the woodchuck chromosomal region enco
eported as boxes, and the regions of unknown sequence are reported
bove b3n indicate the sites of previously reported WHV insertion in th
f the deposited sequence (GenBank accession no. M60765). Some rel
egion element.DISCUSSION
In the present report, the b3n locus, a recurrent target
or WHV integration in woodchuck HCC, is demonstrated
o be linked to the N-myc2 oncogene. Restriction analy-
is showed b3n to be located downstream of the onco-
ene. A naturally developed HCC harboring WHV inte-
ration in b3n overexpressed N-myc2 transcripts. On the
hole, these data suggest a causal relationship between
iral insertion in this locus and activation of the onco-
ene.
By comparing present and previous findings, several
onsiderations can be drawn about the possible mech-
nism or mechanisms underlying N-myc2 activation by
HV integration in b3n.
The N-myc2 promoter has been reported to be trans-
ctivated by the full-length X protein of WHV in vitro
Flajolet et al., 1997). However, the possibility that N-
yc2 activation by integration in b3n might be mediated
y an X protein produced from integrated sequences
ppears unlikely.
First, only one of the two WHV integrations character-
zed so far in b3n harbors part of the X gene (Bruni et al.,
995a; Yamazoe et al., 1991). It appears unlikely that two
ntegrations inserted in the same chromosomal site
ight contribute to tumor development by different
HCC with, respectively, 59N-myc, N-mycGR, and SpInt1 probes. The
t fragments are indicated as in Fig. 2. (D) Restriction maps of N-myc1
and HindIII restriction sites are reported as previously established by
ions are boxed, and coding regions are shaded. Dashed lines delimit
e position of NcoI sites was experimentally determined. Fragments
e schematic structure of each gene; the size of each fragment is also
ove the homologous region of each oncogene. The M13.13 probe was
ith the same BglII and HindIII fragments detected by M13.13, and thus
13 in previous reports. All probes, except SpInt1, hybridize with both
differences between the two genes. Probe regions with complete or
are reported as an open bar.
ing N-myc2 and b3n. The regions of known nucleotide sequence are
k lines. The coding region of N-myc2 is shaded. Vertical open arrows
n. The NcoI site present in the b3n region was deduced from analysis
istances, in kilobases, are reported. MAR indicates matrix attachmentW594
elevan
f BglII
bed reg
yc1. Th
nder th
ned ab
idizes w
y M13.
tructure
ologympass
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488 BRUNI ET AL.echanisms. Second, X gene expression from inte-
rated sequences is not expected to require site-specific
ntegration into a site located 10 kb from N-myc2. Finally,
he X region integrated in the tumor with activated N-
yc2 is a 59 truncated version of the X gene. The X
rotein hypothetically produced would be deleted of ami-
o-terminal amino acids 1–48. There is no experimental
upport that amino-terminal truncated versions of the
HV X protein retain the ability to activate in trans the
-myc2 promoter.
Previous reports showed that WHV integrations induc-
ng N-myc2 activation clustered either in close proximity
0–3 kb) (Fourel et al., 1990; Hansen et al., 1993; Wei et
l., 1992) or at very long distance (.150 kb) from the
ncogene in the win locus (Fourel et al., 1994). In com-
arison, WHV integrations in b3n appear to be located at
n intermediate distance (8.5–9 kb) from N-myc2, defin-
ng b3n as a distinct region targeted by WHV integrations
ctivating this oncogene.
WHV integrations close to N-myc2 have been shown
o be located either in the 59 region, up to 3 kb upstream,
r in the 39 of the oncogene. In this group of neighboring
ntegrations, oncogene activation was reported to be a
onsequence of viral enhancer insertion. This conclu-
ion was supported by the finding that viral insertions
arbored WHV enhancer I (We1) and/or WHV enhancer II
We2), as well as by the results of in vitro experiments
ith proper constructs (Wei et al., 1992). Further in vitro
xperiments assigned a key role to the We2, able to
ctivate the N-myc2 promoter when inserted either 59 or
9 to the gene (Ueda et al., 1996). However, recently
eported transient transfection experiments showed that
e2 was fully effective in N-myc2 promoter activation
nly when inserted in close proximity to the N-myc2
romoter, in the 59 region. In contrast, it was inactive
hen located in the 39 region; the We1 by itself was
pparently devoid of activity (Flajolet et al., 1998).
A different mechanism was proposed to be responsi-
le for N-myc2 activation by WHV integration in the win
ocus. The genomic location of win at long distance
.150 kb) from N-myc2, beyond the upper limit of any
nown enhancer, led to the proposal that WHV integra-
ion in win might act by disrupting the higher-order chro-
atin loop organization of chromosomal DNA (Fourel et
l., 1994). The presence of multiple copies of We2 and at
east a copy of We1 in the integrated sequences, as
ound in vivo, was recently reported to be a necessary
equirement for efficient N-myc2 activation by integration
n the win locus (Flajolet et al., 1998).
Based on the structural features of the two WHV inte-
rations identified so far in b3n, both of the above mech-
nisms do not appear to properly account for N-myc2
ctivation by integration in b3n. Although one of the two
ntegrants harbors a copy of We2 (Bruni et al., 1995a), the
ther one is devoid of both We1 and We2 (Yamazoe et al.,
991). Thus the presence of We1 and/or We2 in viralequences integrated in b3n is not an absolute require-
ent for N-myc2 activation. In addition, the lack of mul-
iple copies of We2 and the absence of We1 in both
haracterized integrations imply that the mechanism
hould be different from that proposed for integration in
in.
In a previous report, we demonstrated the presence of
n S/MAR element ;0.8–1.3 kb from the WHV insertion
ites in the b3n locus (D’Ugo et al., 1998). The present
indings locate this S/MAR element 10 kb downstream of
-myc2 (Fig. 4). S/MARs are noncoding genetic elements
nvolved in organization of the chromatin in functional
loops” through physical attachment of genomic DNA to
proteinaceous nuclear framework, termed “nuclear
caffold” or “nuclear matrix,” and in stimulation of gene
xpression (Boulikas, 1995; Hart and Laemmli, 1998;
aemmli et al., 1992; Mirkovitch et al., 1984).
Recent work has shown that S/MARs could stimulate
ene expression through the extension of chromatin
pening (Hart and Laemmli, 1998; Jenuwein et al., 1997).
his capability of S/MARs, as well as the proximity of an
/MAR element to WHV integration sites, let us specu-
ate that viral integration in b3n might trigger a local
hromatin opening, subsequently extended to the N-
yc2 gene by the b3n S/MAR. In this process, a transi-
ion of the entire domain would occur from a repressed
o an open, active chromatin structure, resulting in turn-
ng on N-myc2 transcription.
Three further observations are in favor of this hypoth-
sis. First, a previous study showed that only brain tissue
xpressed detectable levels of N-myc2 mRNA: N-myc2
ranscription was repressed in most adult tissues, in-
luding liver (Fourel et al., 1992). Thus the N-myc2 chro-
osomal domain is expected to be in a repressed,
losed chromatin structure in liver tissue. Second, it is
ell established that gene activation involves remodel-
ng of transcriptionally inactive chromosomal regions to
n open chromatin structure (reviewed in Gregory and
orz, 1998; Kingstone et al., 1996; Smith and Hager,
997). Finally, during infection nuclear, WHV genomes
re actively transcribed in liver tissue, implying that they
re targeted by liver-specific transcription factors; thus
uclear WHV DNA is expected to be organized as open
hromatin structure. It is conceivable that the integration
f WHV DNA would result in the insertion of viral DNA
rganized as active chromatin. The S/MAR adjacent to
he newly inserted DNA would then be responsible for
xtension of chromatin opening to the entire domain.
Involvement of the b3n S/MAR in N-myc2 activation
ould probably not be required by WHV insertions close
o N-myc2 because the integration of We1 or We2 would
upply direct stimulating activity to the N-myc2 promoter.
Although the present results concern the woodchuck
odel, it also suggests general considerations about the
ole of HBV integration in human HCC.
A first consideration is that WHV integration in b3n
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489N-myc2 ACTIVATION BY WHV INTEGRATION IN DOWNSTREAM LOCUSould have not been recognized to be involved in N-
yc2 activation by routine Southern blotting analysis,
ommonly used to search for WHV insertions affecting
-myc genes. This example adds to the previously re-
orted WHV integration in win, which is able to activate
he N-myc2 gene located .150 kb upstream and is
etected only by specific searching involving sophisti-
ated techniques such as pulsed field electrophoresis
nd fluorescence in situ hybridization (Fourel et al., 1994).
oth win and b3n highlight the importance of analyzing
pstream and downstream regions, also distantly lo-
ated, when searching for viral integrations possibly in-
olved in oncogene activation. These examples suggest
hat the possible role of HBV integration as an oncogene
ctivator might have been underestimated in human
CC. In fact, in humans, most studies searched for
ntegration in or close to oncogenes, either analyzing the
lanking regions of HBV insertions by cloning and se-
uencing or testing known oncogenes for the presence
f HBV integration by Southern blotting, but they did not
nalyze those more distant upstream or downstream
egions. Those analyses now appear to be partial, al-
hough they led to the common belief that oncogene
ctivation by HBV insertion is not a major mechanism in
uman HCC. Unlike the woodchuck, however, the sites of
BV integration do not appear to cluster either in dis-
rete loci or within a single chromosome (reviewed in
herker and Marion, 1991). Thus it seems that a larger
et of proto-oncogenes might be involved in the devel-
pment of human HCC and targeted by HBV integration,
robably because of unknown host-specific peculiarities.
A second consideration concerns the possibility that
n human HCCs at least some HBV integrations might
ffect the gene or genes critical for oncogenesis by
ffecting regulative regions, such as the S/MARs. Even
hough present at or near the insertion site, S/MARs or
ther control elements might have been unrecognized.
n analysis of several S/MARs showed that no consen-
us sequence could be established: most of them share
eculiar motifs and sequence features, and only specific
earching for these features can reveal putative S/MARs
Boulikas, 1995; Mirkovitch et al., 1984). Thus if this
echanism operates in humans, it might have been
ndetected.
MATERIALS AND METHODS
oodchuck tissues
HCC tissue of woodchuck W594 has been previously
escribed to harbor a single clonal WHV integration in
he b3n locus (Bruni et al., 1995a). W594 was a chronic
HV carrier in which HCC occurred spontaneously. Liver
nd HCC tissues had been resected at autopsy and
tored at 280°C.NA extraction and restriction enzyme digestion
DNA was extracted from normal liver and HCC tissues
y a previously described procedure (Bruni et al., 1995b),
nvolving incubation of homogenized tissue in the pres-
nce of proteinase K–SDS followed by phenol–chloro-
orm extraction and ethanol precipitation. Purified
enomic DNA was digested with restriction enzymes
ccording to the manufacturer’s instructions.
outhern blotting and hybridization
Digested DNA was electrophoresed onto agarose gel
nd then transferred onto Zeta Probe GT positively
harged nylon membrane (Bio-Rad) by the alkaline trans-
er method, according to the manufacturer’s instructions.
rom 8 to 10 mg of purified DNA/gel slot was used. Filter
ound DNA was hybridized with labeled probes at 65°C
y standard procedures (Sambrook et al., 1989). The filter
ashing step always included a final stringent washing
tep in 0.13 SSC/0.5% SDS for 1 h at 65°C.
Cohybridization of some fragments with multiple
robes was assessed by searching for the presence of
verlapping signals in different autoradiographs ob-
ained from the same filter with different probes. To
dentify overlapping signals unambiguously, the faint
ackground images of the whole filter visible after proper
xposure as well as reference points visible in all im-
ges were exactly aligned.
NA extraction, Northern blotting, and hybridization
Total RNA was extracted from normal liver and HCC by
eans of the RNeasy Total RNA Kit (Qiagen), according
o the manufacturer’s instructions. Extracted RNA was
un in formaldehyde/agarose denaturing gel and then
ransferred to nylon filter (Hybond-N; Amersham) by stan-
ard procedures (Sambrook et al., 1989) and hybridized
ith labeled probes. Hybridization was carried out in 50%
eionized formamide at 42°C. After two washings at low
tringency, a stringent washing step in 0.23 SSC/0.1%
DS at 65°C was carried out. Radioactive signals were
etected by autoradiographic films (BioMax MS; Kodak)
ith intensifying screen at 280°C.
robes
The 544-bp b3n-specific probe spans the region 735-
278 of the nucleotide sequence with GenBank acces-
ion no. M60765. It was amplified by PCR from wood-
huck genomic DNA with the previously described prim-
rs B3NS735 and B3NA1278 (Bruni et al., 1995b). To
btain pure amplified fragment, free of the woodchuck
enomic DNA used as template in the PCR mix, the
44-bp PCR product was cloned in TA-cloning plasmid
ector (InVitrogen), originating pB3N.
The position of all the woodchuck N-myc probes is
chematically reported in Fig. 3D. The SpIntI probe, spe-
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490 BRUNI ET AL.ific for the N-myc1 gene, and the M13.13 probe, detect-
ng both N-myc1 and N-myc2, have been previously de-
cribed (Fourel et al., 1990) and were kindly provided by
r. Marie-Annick Buendia. They were excised from the
ector in which they were cloned through restriction
nzyme digestion and then gel purified. The 541-bp N-
ycGR probe corresponds to the region 1156–1696 in the
-myc2 sequence with GenBank accession no. X53671.
his probe was amplified by PCR from woodchuck
enomic DNA with the forward primer GNMYC2 (59-
CAAGGTCCTCAGCACCTCGGGAGAAGAC-39) and the
everse primer RNMYC2 (59-TTGGCCTGGAGGTAGTG-
ACATACTCACAG-39). The product was cloned in TA-
loning plasmid vector, resulting in pN-mycGR. The N-
ycGR probe overlaps in part the M13.13 probe (see Fig.
D).
The 350-bp 59N-myc probe spans the 59 region of the
-myc2 gene, nucleotides 123–466 in the N-myc2 se-
uence (GenBank accession no. X53671). It was ampli-
ied by PCR from woodchuck genomic DNA by previously
escribed primers (Hansen et al., 1993) and cloned in the
A-cloning vector (InVitrogen), resulting in recombinant
lasmid p59N-myc.
Large amounts of pure 544-bp b3n probe, 541-bp N-
ycGR probe, and 350-bp 59Nmyc probe were produced
y PCR starting from 1 ng of pB3N, pN-mycGR, or
59Nmyc as template, respectively, per 100-ml reaction.
ach PCR product was then purified from PCR compo-
ents by filtration through a Centrikon 100 column (Ami-
on) or by gel purification, according to the manufactur-
r’s instructions. The recovered DNA was quantified and
sed for labeling reaction.
abeling
Probes were labeled with a-32P-dCTP with the High
rime DNA labeling kit (Boehringer) according to the
anufacturer’s instructions. The specific activity ranged
3 109 to 1.5 3 109 cpm/mg.
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